Green florescent protein (GFP) variants that are sensitive to changes in pH are invaluable reagents for the analysis of protein dynamics associated with both endo-and exocytotic vesicular trafficking. Ratiometric pHluorin is a GFP variant that displays a bimodal excitation spectrum with peaks at 395 and 475 nm and an emission maximum at 509 nm. Upon acidification, pHluorin excitation at 395 nm decreases with a corresponding increase in the excitation at 475 nm. GFP2, a GFP variant that contains mammalianized codons and the folding enhancing mutation F64L, displays ~8-fold higher florescence compared to pHluorin upon excitation at 395 nm. Using GFP2 as a template, an enhanced ratiometric pHluorin (pHluorin2) construct was developed to contain fully mammalianized codons, the F64L mutation and ten of the thirteen pHluorin-specific mutations. As a result, pHluorin2 displays markedly higher florescence when compared to pHluorin while maintaining the ratiometric pH-sensitivity. Unlike native pHluorin, pHluorin2 expressed in the ligand-binding domain of the parathyroid hormone 1 receptor is readily detectable by confocal microscopy and displays a marked increase in florescence upon ligand-induced endocytosis to intracellular vesicles. Thus, pHluorin2 displays enhanced florescence while sustaining ratiometric pHsensitivity, representing a significant improvement for this methodological approach.
INTRODUCTION
The green florescent protein (GFP) from Aequorea victoria and its many engineered variants have revolutionized the analysis of protein dynamics [1] . Proteins of interest fused to GFP, typically from either the amino-or carboxy terminal ends, facilitates cellular localization from either fixed samples or for real-time analysis using spinning disk confocal microscopy. GFPs have also enabled the analysis of real-time, intracellular proteinprotein interactions using resonance energy transfer techniques, such as BRET (bioluminescence resonance energy transfer) and FRET (Forster resonance energy transfer) [2] . Notably, GFPs fluoresce autonomously and thus do not require either exogenous or endogenous co-factors, which is an important attribute when analyzing protein localization in various cellular compartments. Several reports demonstrate that the excitation/emission profiles of specific GFP variants are sensitive to pH changes [3] [4] [5] [6] .
Using a directed mutagenesis approach in E. coli, Rothman and coworkers [3] developed two, pH-sensitive GFP variants, termed ecliptic-and ratiometric pHluorin, each containing clusters of mutations that direct pH sensitivity. Native GFP possesses a bimodal excitation profile with a major peak at 395 nm and a minor peak at 475 nm measured with an emission maximum at 509 nm. Under acidic conditions (pH < 6), ecliptic pHluorin is non-florescent, while shifting to a neutral environment enhances florescence at both peaks of excitation. Targeted expression of ecliptic pHluorin to acidic secretory vesicles allows for the real-time analysis of the exocytotic fusion of these vesicles to the plasma membrane where the pH becomes neutral, resulting in a corresponding increase in florescence [3] . A fluorescently enhanced variant of GFP, termed EGFP, was developed through the inclusion of the F64L and S65T mutations, changes that promote protein folding at 37°C and a shift in the major excitation peak to 475 nm, respectively [7] . Sankarararayanan et al. [8] developed a superecliptic variant through incorporation of these same F64L and S65T mutations, changes that markedly enhance florescent output at the 475 nm excitation peak while maintaining pH sensitivity. The superecliptic pHluorin is ideal for analyzing exocytosis because florescence increases through progression of this process, i.e. acidic to neutral. However, using the same variant for the analysis of endocytosis would result in a loss of florescence over time, due to transit from a neutral environment (plasma membrane) to an acidic vesicle. The reduction of florescence could have two possible interpretations; the transit of tagged proteins to acidic vesicles or the proteolytic breakdown of these tagged proteins in lysosomes, leading to confounding analyses. Therefore, a pH-sensor that displays an inverse relationship between pH and florescence output would be ideal for the analysis of endocytotic processes.
The second, ratiometric variant developed by Miesenbock et al. [3] displays the desirable characteristics for analysis of endocytosis. With increasing acidity, the ratiometric pHluorin displays a dose-dependent decrease in the excitation at 395 nm with a concomitant increase in the excitation at 475 nm [3] . These characteristics make ratiometric pHluorin an ideal reagent for monitoring cellular pathways that connect compartments that progress from neutral pH towards acidic ones, such as processes associated with endocytotic vesicular trafficking. Analysis of ligand-induced internalization of G protein coupled receptors (GPCRs) could benefit from this type of sensor. Analogous to the development of the superecliptic pHluorin [8] , inclusion of mammalianized codons and the F64L mutation in the ratiometric pHluorin backbone markedly enhances florescence while maintaining the desired pH-sensitivity, yielding a super-ratiometric variant called pHluorin2.
MATERIALS AND METHODS

DNA Constructs and Cloning
The ratiometric pHluorin construct was a generous gift from Dr. Rothman and the GFP2 construct was from Perkin-Elmer (Boston, MA). Using PCR directed by pfu polymerase (Agilent Technologies, Santa Clara, CA), both pHluorin and GFP2 were cloned into pcDNA3.1 (Invitrogen, Carlsbad, CA) as single, soluble proteins. Compared to native GFP, the GFP2 construct contains the F64L mutation and mammalianized codons (i.e. codon usage that is fully optimized for translation on mammalian ribosomes). Using site-directed, PCR-mediated mutagenesis, pHluorin-specific mutations were incorporated into the GFP2 construct, yielding the pHluorin2 construct, which contains the F64L mutation and mammalianized codons. Relative to GFP2, the pHluorin2-specific mutations include S147E, N149L, I161T, V163A, N164I, K166Q, I167V, R168H, S202H and L231H. Native pHluorin mutations not included in the pHluorin2 construct are Q80R, E132D and S175G. The pHluorin2 cDNA was then cloned in-frame within exon 2 between amino acids 95 and 96 of the human parathyroid hormone 1 receptor, yielding the hPTH1R-pHluorin2 construct. Inclusion of EGFP within this domain does not interfere with ligand binding, internalization or signaling [9] .
Florescence Measurements
Excitation scans were generated using a Deltascan dualwavelength fluorimeter from Photon Technology International (PTI; Birmingham, NJ) and the associated Felix software. Standard HEK293 cells were plated on 10 cm dishes and transiently transfected with 5 μg each of the soluble forms of GFP2, pHluorin and pHluorin2 using Fugene HD (Roche, Indianapolis, IN). Forty-eight hours post transfection, cells were washed with Hank's Balanced Salt solution lacking calcium and magnesium ions and containing 2 mM EDTA. Cells were lifted from the plates using the same solution after a 10 minute incubation at 37°C and placed in a quartz cuvette with a stir bar. Excitation scans were performed between wave-lengths 370 nm to 490 nm with the emission set at 510 nm. For the pH clamp experiments, cells were resuspended in a buffer containing 140 mM potassium chloride, 10 mM sodium phosphate with molar ratios of mono-and dibasic forms appropriate for the given pH and 30 μM nigericin (EMD Biosciences, Gibbstown, NJ). For the florescence plate reader studies, black, 96-well plates (Perkin-Elmer, Boston, MA) were loaded with 25,000 cells per well from the transfections described above and analyzed with dual excitation at 405 nm/8 nm and 485 nm/ 25 nm with a 535 nm/25 nm emission filter in an EnVision plate reader (Perkin-Elmer, Boston, MA). The narrow bandwidth of the 405 nm filter of 8 nm reduces the relative florescence compared to the larger bandwidth of the 485 nm filter. Despite this effect, the 405/485 nm ratios are still responsive to changes in intracellular pH.
For the hPTH1R endocytosis studies, HEK293 cells were sparsely plated into culture slides and transiently transfected with 100 ng of the hPTH1R-pHluorin2 construct using Fugene HD. Forty-eight hours post-transfection, cells were treated with either vehicle (acetic acid) or 100 nM parathyroid hormone containing amino acids 1 to 34 for 20 minutes. Cells were fixed with 3.7% paraformaldehyde and analyzed by confocal microscopy using a Radiance 2100 confocal microscope and the associated LaserSharp 2000 software (Bio-Rad Laboratories, Inc., Hercules, CA).
RESULTS AND DISCUSSION
The excitation spectrum for native GFP is bimodal with a major peak at 395 nm and a minor peak at 475 nm with an emission maximum at 509 nm. GFP2, a variant developed for the use in BRET applications, contains fully mammalianized codons and the florescence enhancing mutation F64L. GFP2 and pHluorin display the same native GFP-specific excitation profile. However, the relative florescence of the 395 nm excitation peak of Copyright © 2011 SciRes. ABB
GFP2 is approximately 8-fold higher than pHluorin (Figure 1(a) ). Several possible reasons regarding this marked difference in florescence exist. First, the several pHluorin-specific mutations, which impart the pH-sensitivity, may hamper the florescent output. However, this effect seems unlikely because pHluorin was selected based on its florescence characteristics when expressed in bacteria [3] . This mutagenesis process, however, raises the possibility that the selected codons favor bacterial expression over those codons preferred by mammalian ribosomes. This possible effect is further compounded by the fact that pHluorin was developed from gene sequences consistent with the original jellyfish GFP cDNA. In contrast, the synthetic GFP2 construct contains fully mammalianized codons. Lastly, unlike pHluorin, all of the enhanced variants of GFP contain a leucine for phenylalanine substitution at amino acid 64 (F64L), including GFP2, enhanced cyan florescent protein (ECFP), enhanced green florescent protein (EGFP) and enhanced yellow florescent protein (EYFP) [7] . It is thought that the F64L mutation markedly enhances florescence by promoting proper protein folding at 37°C [10] . Using PCR-mediated mutagenesis and the GFP2 cDNA as a template, an enhanced version of ratiometric pHluorin (pHluorin2) was developed. PHluorin2 contains the F64L mutation and ten out of the thirteen pHluorin-specific mutations ( Table 1) . It is not known if the remaining mutations (Q80R, E132D and S175G) will have additional effects, but at this stage they have been determined to be unnecessary. Furthermore, the pHluorin2 cDNA contains fully mammalianized codons. As a result of these changes, the florescence output of pHluorin2 is 8-fold higher than native pHluorin when excited at 395 nm to levels that are comparable to GFP2 (Figure  1(a) ). Importantly, pH clamp experiments using nigeri cin clearly demonstrate that the elements included to enhance pHluorin2 florescence do not affect the ratiometric, pH-sensitive characteristics attributed to the original pHluorin-specific mutations (Figure 1(b) ). Compared to the pHluorin expressed in bacteria [3] , the pH-dependent difference in the florescence maxima at 475 nm also appears greater for pHluorin2 when expressed in mammalian cells (Figure 1(b) ). The markedly enhanced florescent output while maintaining pH-sensitivity makes pHluorin2 a valuable reagent for the analysis of changes in intracellular pH.
Similar to 2', 7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF), pHluorin2 can monitor changes in intracellular pH using a standard plate florimeter. Consistent with the data described above, the relative florescence of the pHluorin2 is ~8-fold higher than pHluorin when analyzed with a plate florimeter (Figures  2(A) and 2(B) ). Dual excitation at 405 nm and 485 nm yields 405 nm/485 nm ratios that decrease in res- ponse to lower intracellular pH for both pHluorin and pHluorin2. Notably, these ratios are similar for both proteins, illustrating the benefit of ratiometric analysis, which normalizes expression levels of the florescent protein. Using the nigericin pH clamp methodology, a pH versus the 405 nm/485 nm ratio standard curve was generated (data not shown). Applying this standard curve, cytoplasmic pHluorin2 is capable of monitoring nigercin-induced cellular acidification over time using a plate florimeter (Figure 2 (c) ).
The parathyroid hormone 1 receptor (PTH1R), a primary regulator of mineral ion homeostasis, is a class b G protein coupled receptor (GPCR) that binds both parathyroid hormone (PTH) and parathyroid hormone related protein (PTHrP). Recent reports demonstrate that PTH1R endocytosis plays an important role in the differential cellular responses mediated by these two prominent hormones [11] . Thus, development of a high-throughput method capable of analyzing PTH1R endocytosis, or any GPCR for that matter, would greatly benefit this field of research. When EGFP is cloned in-frame within the second exon of the PTH1R, which is located in the extracellular ligand-binding domain, the receptor functions normally [9] . However, EGFP florescence expressed as a chimera with the PTH1R is lower when compared to EGFP expressed alone (unpublished observations). Consistent with this phenomenon, pHluorin expressed in this same domain of the PTH1R yields florescence that is marginally detectable above background when analyzed by confocal microscopy (data not shown). These initial observations prompted the development of pHluorin2. As a result of the enhanced florescence, pHluorin2 cloned within this same domain of the PTH1R generates a receptor that is readily detected by confocal microscopy (Figure 3(a) ). Notably, ligand-induced endocytosis results in the formation of PTH1R-containing vesicles that are markedly brighter than when the receptor is on the cell surface, suggesting movement into an acidic vesicular environment (Figure 3(b) ).
CONCLUSIONS
Since the original discovery and cloning of the wild-type GFP, several variants have been engineered with the goal to improve the utility of this protein for the analysis of protein dynamics. Development of the pHluorins by Rothman and co-workers [3] represents a seminal work in the achievement of these goals, especially as it relates to processes associated with compartmental changes in pH, such as exo-and endocytosis. Two straightforward modifications of the original ratiometric pHluorin were included in the development of pHluorin2. First, inclusion of the F64L mutation was desirable because this modification enhances florescence without changing the spectral characteristics. This is in contrast to the S65T mutation specific to EGFP, which markedly enhances florescence but does so through shifting the major excitation peak from 395 nm to 475 nm [7] . Second, use of fully mammalianized codons assures that codon biases are not impeding full expression, especially when the original pHluorin construct was developed in bacteria. With respect to ligand-induced receptor endocytosis, such as that demonstrated for GPCRs, high throughput methods monitoring transit from the neutral extracellular plasma membrane to acidic vesicles would certainly benefit from the use of pH-sensitive GFPs. For example, the enhanced yellow florescent protein (EYFP) displays a marked decrease in florescence upon acidification [4] . Similar to ecliptic pHluorin, loss of florescence could signify receptor localization to acidic vesicles; however, as discussed earlier, a potential drawback is that one cannot rule receptor degradation as a possible explanation for decreased florescence. Therefore, use of the ratiometric forms of pHluorin is more desirable because the ligand-induced receptor transit from the cell surface to the endocytic vesicles is marked by an increase in florescence using the common FITC-type filter sets. Furthermore, the enhanced florescence displayed by pHluorin2 increases sensitivity and thus reduces the need to grossly over-express the receptor chimera of interest. Combined, the enhanced sensitivity and expression of pHluorin2 will increase the applicability and effectiveness of this construct.
